Abstract: As photovoltaic (PV) systems have become less expensive, building rooftops have come to be attractive for local power production. Identifying rooftops suitable for solar energy systems over large geographic areas is needed for cities to obtain more accurate assessments of production potential and likely patterns of development. This paper presents a new method for extracting roof segments and locating suitable areas for PV systems using Light Detection and Ranging (LIDAR) data and building footprints. Rooftop segments are created using seven slope (tilt), five aspect (azimuth) classes and 6 different building types. Moreover, direct beam shading caused by nearby objects and the surrounding terrain is taken into account on a monthly basis. Finally, the method is implemented as an ArcGIS model in ModelBuilder and a tool is created. In order to show its validity, the method is applied to city of Philadelphia, PA, USA with the criteria of slope, aspect, shading and area used to locate suitable areas for PV system installation. The results show that 33.7% of the buildings footprints areas and 48.6% of the rooftop segments identified is suitable for PV systems. Overall, this study provides a replicable model using commercial software that is capable of extracting individual roof segments with more detailed criteria across an urban area.
Introduction
More than 60% of people live in urban environments resulting in higher energy density of consumption in these areas, especially during the day [1] . In many localities, city governments and community leaders are developing and implementing strategic guidelines and policies in order to coordinate energy efficiency improvements with higher rates of renewable energy use for buildings. Renewable energy has received much attention since these forms of energy do not generate greenhouses gases, act as distributed generation (DG) system, assist in national energy security, and improve long-term economic growth [2] . Among possible options to generate renewable energy, photovoltaic (PV) systems have proven to be safe and sustainable [3] . PV systems have the potential to meet urban energy demands while alleviating congestion on urban grid infrastructures [4] . In order to facilitate informed planning and investment decisions, it is important to develop efficient and accurate geospatial frameworks from which to assess and classify rooftops for PV systems across large urban areas. While rooftop assessment tools for PV are currently expanding, these tools need to be replicable and scalable to entire cities.
Although annual or monthly budgets for global horizontal solar irradiation are valuable in general estimates of solar potential across urban areas, the amount of the solar resource is not the critical parameter for determining project success. Indeed, the availability and feasibility of renewable energy across space are subject to various limitations on technology implementation. As such, potential areas for renewable energy production are typically classified according to these limitations. While Voivontas et al. [5] , for example, have classified renewable energy potential into the four categories of theoretical, available, technical, and economic potential, Izquierdo et al. [6] have added social potential to this existing hierarchy. These classification systems have since been implemented into a geographic information system (GIS) using Multi-Criteria Analysis (MCA), and have accordingly prompted further discussions about solar potential estimations using GIS [7, 8] . Several scholars have built upon this early work, taking into consideration factors such as population, shading, and climate [9, 10] . In order to estimate and locate available roof area for PV systems, different models have been developed which use aerial imagery and GIS tools [11, 3, 12, 13, 14, 15] . Denholm and Margolis [16] have designed a procedure using data on floor space and concluded that the average roof availability in residential buildings of 27% and 22% for warmer regions and cooler regions, respectively. The availability for commercial buildings is 60% for warmer regions and 65% for cooler regions.The solar potential models have been evaluated by Freitas et al. [17] , Angelis Dimakis et al. [18] and Melius et al. [19] .
As an alternative to sampling imagery or cadastral data, recent research has taken advantage of more widely available Light Detection and Ranging (LIDAR) technology in order to assess solar potential. Lukac et al. [20] have created a rating of roof surfaces within Maribor, Slovenia, based on the surfaces solar potential and suitability for installation. To do so, they used LIDAR to extract the urban topography by calculating normal vectors of the surfaces for each point within each cell; they also took pyranometer measurements of global and diffuse solar irradiances. Finally they used spatial multi-resolution shadowing by nearbybuilding or surrounding terrain that is performed on the constructed regular grid using Suns position in Cartesian coordinates. Lukac et al. [21] have likewise demonstrated how to use graphics processing units based on compute unified device architecture (CUDA) technology using LIDAR in order to calculate solar potential within a reasonable time. Also, Huang et al. [22] have shown how suitable positions for solar installation can be located by creating triangular irregular networks and digital surface models with LIDAR. Recognizing that conditions may not always be ideal, Jacques et al. [23] and Gooding et al. [24] have developed a methodology for assessing PV capacity using low-resolution LIDAR data. Other researchers have considered the varying surfaces available for solar installation. While Voegtle at al. [25] have used triangular irregular networks to represent surfaces, Jochem et al. [26] have used LIDAR to calculate solar potential while taking into account the shadowing effects of nearby objects and the effects of clouds. Santos et al. [27] have used LIDAR, GIS, and PVGIS to create elevation and digital surface models, which help to determine power production. Shading has also been an area of consideration for researchers. Levinson et al. [28] , for example, have used LIDAR and high-resolution orthophotos to characterize residential rooftop shading, with GIS used for elevation and shadow rasters. Kassner et al. [29] have used LIDAR data, CAD models, and GIS to calculate solar potential. Nguyen et al. [30] have developed a methodology for assessing PV potential using LIDAR data, MATLAB, and GIS. Li et al. [31] have used LIDAR, r.sun which is solar irradiation and irradiance model, and a 3D city building model to calculate solar potential, finding that roof complexity is the dominant determinant of PV potential. Also, ESRI's Solar Analyst Toolbox has been commonly used to estimate solar potential [32, 33, 34] . Finally, Melius et al. [19] suggest a new method that uses LIDAR and building data in order to estimate ideal rooftop space. They created roof planes based on aspect, and calculated zonal average slope for these planes in ArcGIS. For the shading, hill shade tool in ArcGIS was applied for March 21, June 21, September 21 and December 21. Also, System Advisor Model (SAM) is used to estimate the total number of daylight hours a rooftop in a specific region would need to be in sunlight to produce 80% generation. The results of this method include unshaded roof spaces and roof orientation information. The researchers have planned to apply this method to 120 U.S. cities by the end of 2014 and documentation of it will be made available by the fall of 2015.
Although considerable progress has been made to provide spatial decision support for PV development in urban areas, the methodologies described in above are limited in terms of their capacity to accurately represent urban surfaces. In many cases, assumptions about rooftop orientation and slope are required. Where LiDAR data have been used to fill these gaps, the other important challenge is automation. That is, research to date has been very site-specific and not focused on establishing automated models that might be shared and used in other locations, by other researchers.
The purpose of this paper is to fill these gaps, while at the same time providing critical information for the city of Philadelphia, PA, USA. An automated model using ArcGIS and the Python programming language is developed to locate and classify rooftop segments across a large urban area for the purpose of large-area solar energy estimation and planning. LIDAR data are combined with building footprint data in order to obtain topographic data, characterize rooftops in terms of slope and aspect (or azimuth in the solar community) and estimate direct beam shading caused by nearby objects and surrounding terrain for each month. The model is used to identify suitable roofs based on a multi-criteria spatial analysis. Data processing and multi-criteria spatial analysis has been integrated into a single model. The python script was built using ArcGIS ModelBuilder. The script was then applied using data from Philadelphia, PA. This model permits the methodology to be replicated in any city where appropriate data are available, and where ArcGIS is available. In this study radiation data are not included and energy production is not calculated, however we have selected initial example criteria for binning important solar PV parameters such as aspect (azimuth) and slope (tilt) based upon irradiance sensitivity noted in the solar literature. These criteria are easily modified and adapted to fit the evaluation context of appropriate planning body, and as such future teams will be able to use this model in customized research using different radiation models and PV technologies.
Data and Methodology

Case Study
The city of Philadelphia in PA, U.S.A (39
• 57 12 N 75 • 10 12 W ) was selected as a case study. Philadelphia has been chosen for this study for several reasons. First, there are many policies and programs in place in Philadelphia such as Greenworks and SolarCityPartnership that encourage renewable energy development in the city [35, 36] . Secondly, Philadelphia is a large urban area, all of whose necessary data is available online, and yet a comprehensive assessment of solar potential has not yet been undertaken.
Data Collection and Processing
All data used in this study are summarized in Table 1 . The city limits of Philadelphia were used to clip all data. A LAS file is an industry format for the interchange of LIDAR data. In total, 1,041 LAS files were downloaded, and the files were combined into one LAS dataset using ArcGIS tools. Figure 1 shows all the LAS files and building footprint for Philadelphia,PA. 
ArcGIS Model for Rooftop Segments Creation
This study develops a model in ArcGIS which can automate the process of identifying rooftop segments that are suitable for PV installation. Three key parameters are considered: slope (tilt), aspect (azimuth), and shading. The workflow of the model is shown in Figure 2 . All geo-processing steps were conducted within the ArcGIS environment unless otherwise specified. Figure 2 . Workflow of the model.
The analysis is based on a digital surface model (DSM) with a 1 meter cell size which was generated using maximum value within the cell (see Figure 3 ). The maximum value is used since it is best for biasing the result to higher elevations when making a DSM [38] . The DSM was then processed in order to focus only on rooftops. First, a 1-meter buffer was applied to the building footprint data. This helped to remove noise in data, since LIDAR data may not be accurate near the roof edges, and also delineated a more appropriate surface since roof edges do not support PV panels. Indeed, there are standards for different type of roofs that say it should be at least 3 foot wide clear access pathway from the ridge for firefighters to get the ridge of the roof for ventilation [39] . Next, the buffered building footprint data and parcels data were intersected. As shown in Figure 3c , one parcel can contain many buildings. On the othe hand, one big building footprint can contain may building parcels too; the intersection process helped to define each building separately. Finally, the output file from the intersection process was used to clip DSM.
The criteria for classifying the and slope (tilt) and aspect (azimuth) in the rooftop orientations may be selected and modified according to the criteria of concern by the decision-making body. In our case study, we have deferred to the criteria affecting decadal decreases in irradiance (-10 % class) from the annual peak optimum, noted within the core research observations of Christensen and Barker from 2001 [40] . 
Slope (Tilt) Analysis
Slope refers to the steepness of a surface. A value of 0 degrees is equivalent to no slope (flat), while a value of 90 degrees indicates a surface that is completely vertical. The slope of a surface is calculated using the maximum change in elevation from a given cell to its eight neighboring cells [41] . After calculating slope in the Spatial Analyst toolbox, a classification system was devised to organize these results according to their suitability for PV system implementation ( Table  2) . Although many previous studies usually identify two classes -flat (< 10 or 20) and sloped roof (> 10 or 20 − 60) -more accurate results can be obtained by using a more disaggregated classification rather than just two classes [42, 33] . These classifications are important when identifying suitable areas since the optimal slope of a surface for PV systems changes with latitude. It is important to note that the calculation of slope might vary across a roof with the same actual slope due to some error in input (LiDAR) data and algorithm function. This is because sometimes a pulse can hit an object in the sky or on the roof while LIDAR data are being collected. In order to minimize the possibility of this occurring, the Majority Filter was used to replace cell values based on the majority of the cells contiguous eight neighboring cells. Next, since the file is raster format, the Raster to Polygon Tool in the Conversion Toolbox was used to convert the file to polygon format with slope values. If the area of the polygon was smaller than 10 square meters, the polygon was combined with the polygon next to it. The reason for combining the polygons is that there is a minimum area requirement for PV installations. It can depend on total roof area and state rules, but it is usually around 10 square meters [43] . The results of the overall slope analysis can be seen in Figure 3d . Aspect refers to the direction in which the slope faces. It is measured in degrees, moving clockwise from 0 to 360. A value of 0 is north, 90 is east, 180 is south and 270 is west. If a given rooftop is flat, the aspect is given a value of -1.The aspect tool of the Spatial Analyst Toolbox was used to obtain aspect values from DSM. The resulting aspect file was reclassified into 5 classes. These classes are shown in Figure 4 .
After classification, the majority filter was applied to remove data noise, so a single value for a given roof segment was provided. Then a polygon layer was created based on the classifications. If the area was smaller than 10 square meters, it was combined with the polygon next to it as described in previous section. The results of the overall slope analysis can be seen in Figure 3e . 
Creation of Rooftop Segments
The slope polygon layer was divided into seven classes, the first class representing a flat roof. If the slope was greater than 60 degrees, the polygon was eliminated since it is not ideal for PV rooftop panels. Next, the slope polygon layer and aspect polygon layer were intersected using the intersect tool in the Analysis Toolbox. Land use and parcel shapefiles were intersected with the aspect-slope output polygon layer. This resulted in the creation of a new polygon layer that represents rooftop segments and includes polygon ID, parcel ID, aspect, slope, land use, and area information (Figure 3f ).
Shading Analysis
Shading analysis is an important step for calculating PV potential, since shading can significantly reduce a "systems" power generation. This type of analysis is used to determine the optimal location for PV panels and to ensure sufficient energy production. Shadows cast by structures vary in length and direction throughout the day and from season to season, making it extremely difficult to perform shading analyses for each day of the year. However, it is possible to estimate the average irradiation loss for each month of the year by using one day if the irradiation on that day is closest to the average for the month. In this study, the Area Solar Radiation (ASR) tool in ArcGIS was used to perform shading analysis. In the ASR model, the Digital Surface Model (DSM) serves as the input data; a specific period of time, time interval for calculations, and latitude and longitude function as parameters; and the levels of irradiation, direct irradiation, and diffuse irradiation, as well as the number of sun hours, are outputs [44, 45] . ASR is run for each hour during a day that is representative of each month. For this study, the 21st day of each month. This manner of calculation allows for the inclusion of solstices and equinoxes.
The DSM was created from all of the LIDAR data, without any clipping, in order to account for shading on roof surfaces was used as an input. The latitude and longitude values for Philadelphia have been used as a input, therefore the shading times relate only to Philadelphia and these values must be changed in order to apply the model to other cities. The ASR tool was used each hour on the 21st day of each month. One of the outputs was the duration (hours) of direct solar irradiation on each grid cell in the DSM. This output file was subsequently reclassified to create a file containing all cells with a duration between 0 and 0.5 hours or between 0.5 and 1 hours. These hours were reclassified: if the duration was between 0 and 0.5 hours, it was assigned a value of 0 (shading, or no sun). If the duration was between 0.5 to 1 hours, it is assigned a value of 1 (no shading, or solar access) (Figure3g) . Next, the clip tool was used to focus these outputs with the rooftop polygons that had been created before and that intersected with the rooftop polygon layer. Sub-segments based on shading were created in the rooftop segments layer, and the shading field was added to the attribute table. Finally, a polygon layer that represents rooftops segments was created for each hour of 21st day of each month. Each rooftop segment includes the slope and aspect values and shows shading areas with sub-segments of roofs. Also, the area, the land use, and parcel ID numbers were available. Only, one layer has been shown ( Figure 3h) for rooftop segments and all these layers will be used in the future.
The running process of all 1041 LAS files could take an inordinate amount of time to complete, so the City of Philadelphia was separated into 45 parts using a census tract. Each part corresponds to around 20 LAS files. Therefore, these parts can run in different computers at the same time. After all parts are modeled, they are stitched together in order to obtain final maps.
Suitable Roof Areas for PV Installation
Several filters can be applied for deciding suitable areas. The area, slope, aspect and solar irradiation and shading should be evaluated for selecting locations for solar PV panels. Different filters can be applied in order to decide these areas using the attributes that were created in the previous sections. In this study, the desired requirements are as follows and summarized in Table 3: • Area: The residential PV system size in the U.S.A is between 2-10 kWP DC while the commercial PV systems size may be between 10 kWP DC and 1000 kWP DC [46, 47] . The average area for 1 kWP DC is around 10 square meter [48] . Therefore, between 20 and 100 square meter areas are chosen for residential size PV systems and between 100 and 10000 square meter areas are chosen for commercial size PV systems.
• Aspect: Between 135 and 225 degree were selected roof segment polygon facing south, southeast, and southwest can collect higher energy and flat roof segments since most of PV panels are installed in flat roofs due to the southward direction.
• Shading: Avoiding shade 100% of the time is not always possible given space constraints on buildings and land. However, the solar irradiance on a day is highest between 9 am and 3 pm during the summer solstice and between 10 am and 2 pm during the winter solstice. Therefore, the roof segments that are not shaded during these times were selected.
• Slope: Philadelphia receives the most perpendicular sunlight when a PV is facing south and the slope is 5 degrees less than the latitude, 39 degrees [49] . However, this precise condition is not always the best option, and different slope values can be used. Research by Christensen and Barker [40] has determined that only -10% of irradiation (annual) is lost between 20 and 60 slope at a latitude of 42N. Therefore, a rating assessment was made based on slope. The polygons are categorized within a rating list of two categories;
The Raster Calculator and Boolean Operator AND were used to decide suitable locations based on these criteria. First, suitable polygons based on area and aspect were found and saved as a new file. Then the Raster calculator and Boolean Operator AND were used to decide the polygons that fulfill shading requirements for winter and summer. Finally, each polygon categorized based on its slope. 
Results and Discussion
The first results obtained were those pertaining to the rooftop segments. The success of the roof segmentation process was verified by comparison to aerial imagery. 150 rooftop were analyzed and the results show that simple roof structures lead to the most precise results (Figure 5a) . For more complicated roofs, however, more polygons than necessary may be created (Figure 5b ). The areas along roof ridges can cause problems in this regard. For example, slope calculations may cause undesirable flat areas around roof ridges. This is because the points are positioned on the opposite sides of roof and have absolute heights, which lead to the false identification of slopes and create flat areas (Figure5c). Likewise, some very small chimneys and other features of the roofs may not be able to be represented as polygons (Figure5d). All these limitations can be reduced with higher point densities.
After the method was applied to Philadelphia, 1,059,801 rooftop segments were identified. The distribution of slope among rooftop segments is reported in Figure 6 for residential buildings, commercial buildings, industrial buildings civic/intuitions, cultural/recreation and other buildings. Residential, commercial and industrial buildings mostly have flat or Class 2 rooftop. These low slopes enable PV system owners to adjust their panels with slope they want. Next, Slope Class 2 (10-20 degrees) is common in Philadelphia. Civic and cultural buildings, however, have many rooftop segments with steeper slopes, likely because these buildings were designed for aesthetic purposes, with very complex structures. The distribution of rooftop segments into each aspect class is shown in Figure 7 . These results show that there is clear preference for the orientation of residential and commercial buildings. Flat roof or around 10 degree slope is common, making them particularly well-suited for PV installation. Also, industrial buildings mostly have class 1, but it has still wider distribution than commercial and residential buildings. Clearly, civic/institutions and cultural/recreation buildings are much more complex. In general, they have more rooftop segments with greater variability in terms of aspect. This complexity is a challenge for modeling as well as for PV system implementation. The distribution of rooftop segments across four distinct PV system size categories is shown in Figure 9 . The number of rooftop segments suitable for residential-size PV systems is 350,109 with a total area of 13.886 km 2 while there are 20,796 segments suitable for commercial-size systems with a total area of 7.170 km 2 . Residential-size PV systems are common across the city since there are many residential buildings and some commercial, industrial, and civic or institutional buildings in the city have smaller areas than usual. Commercial-size PV systems are not as common as residential-size PV systems, yet the area suitable for these systems represents one-third of the total suitable area. This is because commercial systems are installed mostly in commercial, industrial, and civic or institutional buildings, and these buildings tend to have larger space on their roofs. Moreover, the slope and aspect of the systems can be changed since the roof structures are simple and regular. Some rooftop segments of cultural and recreational buildings seem suitable for the installation of PV systems, but gaining permission can be diffi-cult due to the building type. Finally, complex rooftop structures are not appropriate for the installation of PV systems. Table 4 summarizes the number and area of buildings within each category and Table 5 summarizes the findings of suitable areas for PV systems in the literature. There is a comprehensive sustainability plan in place for the city of Philadelphia. It is called Greenworks and is based on the work of the 2007 Local Action Plan for Climate Change. The plan's five goals fall into the categories of Energy, Environment, Equity, Economy, and Engagement, and include fifteen measurable targets within these categories as well as 164 initiatives. All targets are designed to be achieved by 2015. Target 4 reads: Purchase and Generate 20 Percent of Electricity Used in Philadelphia from Alternative Energy Sources. Renewable energy production doubled in 2013, reaching 11,402 MWh [35] . Also, there is a partnership between United States Department of Energy and the City of Philadelphia called the Solar City Partnership. The aim of this partnership is to have 2.3 MW of solar electricity generated by 2011 and 57.8 megawatts by 2021 [36] . Figure 10 provides an overview of the spatial distribution of suitable rooftops across the city of Philadelphia based on the criteria listed in the methods section. As can be seen, suitable areas are evenly distributed across the city. There is some empty places result of park spaces or rivers. According to this analysis and typical area-based production figures, there is 21.056 km 2 suitable area and approximately 800 MW potential across the city of Philadelphia. Only 2% percent of the suitable area is required in order for Greenworks to meet its target. Residential-and commercial-size PV systems can help the Solar City Partnership to meet its aim by providing its entire target.
The assessment took a total of 20 minutes for one LAS file (which covers approximately 0.6 km 2 )using PC with 2.9 Ghz Intel Core i7 and 8GB 1600 MHz DDR3. Creating the final polygon layer through intersections required approximately three minutes of processing time; 14 minutes for the shading analysis; and 3 minutes for the finding of suitable areas. Shading analyses take substantial time since Area Solar Radiation takes times to run. If the DSM is large, it can take days to run. Also, if there are many buildings footprint data, clipping DSM with this data may take time. Computational time is a limitation of this study, which is compounded with higher volumes of input data. The cell size is 1 meter in this study. Using lower resolution may reduce the processing time, however the accuracy of the results would likely be reduced. Also, census tract is used in order to create groups of LAS files. The census block datas borders are middle of the streets.Therefore, any building or vegetation is not split off and most of shading is considered. However, the shading effects of very tall buildings to nearby buildings can not be captured in a method of nature and it is unavoidable. Additionally, the horizon to the south of city has not been modeled since Philadelphia, PA does not have any significant topographic features to the south that would limit solar irradiation. If a city has significant topographic features to the south, the DSM should be created for the surrounding area in order to account for this macro-scale shading.
These results can be used with a techno-economic model such as SAM in order to calculate power production and evaluate financial options. Additionally, all results can be summarized at different scales (e.g. by focusing on a specific neighborhood, the area surrounding a specific hub in the electricity distribution system, or a specific rooftop). For this reason, the data generated offers a critical starting point for PV policy, planning and implementation decisions.
Conclusion
This study provides a method for extracting rooftop segments based on slope and aspect using LIDAR data, ArcGIS tools, and building footprint data. The python programming language is used to automate the model using ArcGIS. Additionally, it evaluates the extracted rooftop segments considering shading from nearby objects and the general topography. Here, we applied the methodology to city of Philadelphia, with validation of 150 rooftop by comparison to aerial photographs. This study identifies suitable roofs using a multi-criteria spatial analysis for PV systems for Philadelphia. In order to identify suitable areas, area, slope, aspect, and shading requirements were defined and applied. It was found that 33.7% of building footprint data and 48.6 % rooftop areas are suitable for PV systems.
Assessment of rooftop PV potential is a crucial step for electricity system operators, policymakers, and homeowners who want to install PV systems on their roofs. By assessing rooftop PV potential and suitable areas for development across wide geographic areas as in this study, electricity operators and system planners have tools that can help them to predict future electricity generation. By identifying clusters of suitable areas, or perhaps overlaying data generated in this study with socioeconomic data, policymakers can create more logical and incentivizing policies and deploy financing schemes based on building type, usage, and PV potential. Finally, building owners can avoid high electricity costs by installing PV systems on the correct sides of their roofs. This study has developed a method to inform each of these stakeholder groups.
The presented method characterizes rooftop segments over a wide area and identify rooftops that are suitable for PV systems. Other researchers who wish to investigate different cities or regions and to create their own parameters for what constitutes a suitable area can use the methodology. Classification binning criteria for aspect and slope could further be adjusted to reflect refinements in the decision making process, such as additionally separating along the solar noon demarcation or separating along financial criteria from PV power income on-site. This is outside of the realm of this paper, but demonstrates the potential for this new tool. The methodology can also be customized using different radiation models or power production methods, since neither of these are calculated in this study. Additionally, the methodology can be used for other areas that require rooftop information. The method relies extensively on ArcGIS which is the most commonly used commercial software especially among many of the stakeholders that might find this tool useful (e.g., city planners, utility managers, consultants), although the lack of 'open source' software is a limitation of this study. Another key limitation is the computation time to model shading.
